Abstract In this paper, we report the effect of temperature and carrier concentrations on the structural, electronic and thermoelectric (TE) properties of TAlO 2 (T = Cu, Ag and Au) compounds in the bulk and nano-layer structures using full potential-linearized augmented plane wave (FP-LAPW) method combined with Boltzmann transport theory. The results show that the TE properties are controlled by the temperature and carrier concentrations. P-type doping of TAlO 2 (T = Cu, Ag and Au) compounds has better TE figure of merit (ZT) than n-type doping. High ZT of 0.984 is achieved for the bulk structure of the AgAlO 2 compound, while it is about 1.234 for the nano-layer structure. Hence, among these compounds, the nano-layer of AgAlO 2 is a good candidate for TE applications.
Introduction
In the last decade, delafossite oxide structures with the ABO 2 formula (A = Au, Ag, Cu; B = Al, Cr) have been widely investigated because of their potential in the electronic and thermoelectric (TE) devices [1, 2] . The efficiency of TE materials is determined by the figure of merit, ZT = S 2 rT/(j el ?j L ), where S, r, T, j el and j L are Seebeck coefficient, electrical conductivity, absolute temperature, electronic and lattice parts of thermal conductivity, respectively. One possible way to reach the high ZT value of TE materials is to increase the S and r and reduce the j el and j L . Among those quantities, S, r and j el are obtained by the electronic band structure engineering and j L is related to the phonons vibration through lattice. TE properties are computed by the electronic band structure approaches without considering the phonon vibrations [3] [4] [5] [6] [7] [8] . On the other hand, Ruttanapun et al. [9] reported that bulk p-type transparent semiconductor CuAlO 2 is a TE material with a low thermal conductivity of 3.5 to 1.5 WÁm -1 ÁK -1 with the temperature range of 300-960 K. Therefore, we have calculated ZT by S, r and j el .
CuAlO 2 , which is a p-type transparent conducting oxide (TCO) with high TE ZT value, was firstly discovered by Kawazoe et al. [10] . It can be used in the p-n junction of the TCOs, solar cells and TE devices with a large Seebeck coefficient [11] . Berardan et al. [12] showed that the mobility of TCO materials is very high and therefore is a good candidate for TE applications with high performances. Their results have indicated that the TE power factor is higher for doped In 2 O 3 than for pure In 2 O 3 . Ahmed et al. [13] have investigated physical properties of delafossite CuAlO 2 nanoparticles for solar cell applications. They have shown that the size and distribution of nanoparticles are important for cathodic current efficiency. Other experimental results show that the size of nanoparticles in CuAlO 2 powders plays a key role for the fabrication of the TE and photoelectrochemical devices [14] . Gao et al. [15] made an attempt to prepare CuAlO 2 nanocrystalline transparent thin films, and they have shown that nano-sheet structure of p-type CuAlO 2 is useful for enhancing the electrical conductivity.
In view of the aforesaid importance of the delafossite oxides, the aim of the present work is to investigate the electronic and TE properties of TAlO 2 (T = Cu, Ag and Au) compounds as bulk and nano-layers by density functional theory (DFT) calculations.
Computational details
We have calculated the electronic and TE properties of bulk and nano-layers of TAlO 2 (T = Cu, Ag and Au) compounds by DFT approaches and the Boltzmann transport theory as implemented in WIEN2k and BoltzTrap codes [16, 17] . The full-potential (linearized) augmented plane-wave (FP(L)APW) calculations were performed by the local density approximations (LDAs), generalized gradient approximation (GGA) and the modified BeckeJohnson (mBJ) functional [18] [19] [20] [21] [22] [23] . In comparison with LDA and GGA, DFT calculations with mBJ are expensive; therefore, in the case of nano-layer, we have just used GGA approximation. The cutoff energy which defines the separation of the valence and core states was being used as -6 Ry. High k mesh with 24,000 k-points is used in the first Brillouin zone for the calculation of transport properties. The iteration was halted when the energy difference was less than 0.0001 Ry between steps as the convergence criterion. The TE properties including Seebeck coefficient, electrical and thermal conductivities were calculated using the semiclassical Boltzmann theory and the rigid band approximation. In these calculations, the relaxation time treats as a constant and we have used the following relations:
where a and b are tensor indices, r ab is the electrical conductivity tensor, N is the number of k-points sampled, m ab is the group velocity tensor, l is chemical potential, X is a unit cell volume, S is the Seebeck coefficient, k ab 0 is the thermal conductivity and f l is the Fermi-Dirac distribution function [24] . All transport results are obtained for carrier concentrations of n = 1 9 10 18 , 1 9 10 19 , 1 9 10 20 , 1 9 10 21 and 1 9 10 22 cm -3 at 50 to 800 K. The TE results are very long; therefore, we have just presented the Seebeck coefficient and the dimensionless ZT.
Results and discussion

Structural and electronic properties
TAlO 2 (T = Cu, Ag and Au) compounds crystallize in two different polytypes 2H-hexagonal (P6 3 /mmm space group) and 3R-rhombohedral (with R3m space group) structures [25] [26] [27] [28] . Kumar et al. [29] have shown that the energy difference between the two crystal structures is low and that both polytype structures can be formed. On the other hand, it is shown that there is no main difference in the electronic structures of the 2H-hexagonal with two layers per unit cell (ABABAB stacking) and 3R-rhombohedral with three layers per unit cell (ABCABCABC stacking) [29] . Among two polytype structures, the 2H-hexagonal structure is the easiest crystal structure for the construction of nano-layer supercell along x-direction [100]. We therefore have chosen 2H-hexagonal structure for all calculations. The nano-layer supercell of TAlO 2 (T = Cu, Ag and Au) compounds was constructed based on the periodic boundary conditions with a suitable vacuum thickness. We have created the nano-layer structure using the slab (twodimensional) model. In slab calculations, the position of the atoms was relaxed. The vacuum thickness was selected as about 0.7 nm (it is twice the lattice parameter along xdirection) for all nano-layer supercells. Therefore, the nano-layers cannot interact together. The nano-layer lattice parameters of TAlO 2 (T = Cu, Ag and Au) compounds are presented in Table 1 . Lattice constants were calculated by minimizing the total energy of the crystal to the c/a ratio. Figure 1 shows the optimization of lattice energy of TAlO 2 (T = Cu, Ag and Au) compounds by PBE-GGA. The obtained data for the lattice energy were fitted with the following polynomial equations for AuAlO 2 , AgAlO 2 and CuAlO 2 compounds, respectively:
EðxÞ ¼ À 22843:06
EðxÞ ¼ À 8194:07
where x is c/a ratio. The electronic band structure can be calculated at high symmetry points of the first Brillouin zone. It successfully predicts the optoelectronic transitions and TE effective mass of carriers at bulk and nano-layer materials. We have calculated the electronic band structure of bulk and nanolayer of TAlO 2 (T = Cu, Ag and Au) compounds using mBJ, LDA, PBE-GGA, as shown in Figs. 2, 3 and 4, respectively. The Fermi level (E F ) shows by straight line at the energy of 0 eV. The calculated band structures display that the valence band maximum is located at M point and conduction band minimum has occurred at the C point for bulk and nano-layer compounds. It is clear that the nature of band gap is indirect for bulk and nano-layer of compounds by LDA, PBE-GGA and mBJ. The obtained band gaps are presented in Table 1 Fig. 4 , it is seen that in the nano-layer case, the band gap value becomes smaller and the new states cross the Fermi level. The obtained band gap for nano-layer of AuAlO 2 and AgAlO 2 compounds is 0 eV, and it is 0.25 eV for nanolayer of CuAlO 2 by PBE-GGA.
Seebeck coefficient
In Fig. 5 , we have calculated Seebeck coefficient (S) of bulk and nano-layer of AuAlO 2 as a function of temperature for various electron carrier concentrations by mBJ and PBE-GGA. In the case of bulk, the Seebeck coefficient increases with the temperature and then decreases when the (Fig. 5b) show that with the carrier concentrations increasing, the maximum peak of Seebeck coefficient shifts toward higher temperature. We can observe almost linear behaviors with the temperature for Seebeck coefficient in high electron concentrations. It is a metallic property, and it is observed for other compounds such as Cd 3 As 2 by Zhou et al. [30] . The maximum of Seebeck coefficient is calculated about 773 lVÁK -1 for the p-type doping with n = 1 9 10 19 cm -3 at 500 K by mBJ. In the case of nano-layer, for low electron concentrations (n B 1 9 10 21 cm -3 ), Seebeck coefficient increases with increasing temperature, whereas the bulk structure shows an opposite behavior. For the p-type doping, when the electron concentration is high (n C 1 9 10 22 cm -3 ), the absolute value of Seebeck coefficient increases with the temperature at negative direction and then increases at positive direction, whereas we can observe the opposite behavior for the n-type doping. The maximum of Seebeck coefficient is calculated about 50 lVÁK -1 for the n-type doping with n = 1 9 10 22 cm -3 at 50 K by PBE-GGA. We have calculated Seebeck coefficient of bulk and nano-layer of AgAlO 2 as a function of temperature for various electron carrier concentrations by mBJ and PBE-GGA, as shown in Fig. 6 . It is clear that in the case of bulk, the Seebeck coefficient increases almost linearly with temperature for all electron carrier concentrations. The maximum Seebeck coefficient is calculated about 877 lVÁK -1 for the p-type doping with n = 1 9 10 18 cm -3
at 800 K by mBJ. In the case of nano-layer, for low electron concentrations (n B 1 9 10 21 cm -3 ), Seebeck coefficient increases with increasing temperature. For the p-type doping, when the electron concentration is high (n C 1 9 10 22 cm -3 ), the absolute value of Seebeck coefficient increases with the temperature and then decreases, whereas we can observe the opposite behavior for the n-type doping. The maximum of Seebeck coefficient is calculated about 164 lVÁK -1 for the n-type doping with n = 1 9 10 22 cm -3 at 50 and 800 K by PBE-GGA. Finally, the Seebeck coefficient of bulk and nano-layer of CuAlO 2 as a function of the temperature was calculated for various electron carrier concentrations by mBJ and PBE-GGA, as shown in Fig. 7 . In the case of bulk, the AgAlO 2 and CuAlO 2 graphs are approximately the same. The maximum Seebeck coefficient is calculated about 900 lVÁK -1 for the p-type doping with n = 1 9 10 18 cm -3 at 800 K by mBJ. For nano-layer of CuAlO 2 , in the low electron concentrations (n B 1 9 10 21 cm -3 ), Seebeck coefficient increases with increasing temperature. For high electron concentrations (n C 1 9 10 22 cm -3 ), the absolute value of Seebeck coefficient increases with the temperature and then decreases for the p-type doping, whereas it decreases with the temperature for the n-type doping.
Figure of merit
The calculated figure of merit (ZT) of bulk and nano-layer of AuAlO 2 is plotted in Fig. 8 by mBJ and PBE-GGA. In the case of bulk, it is clear from these plots that the ZT increases with the temperature and then decreases when the electron concentration is low, and it increases slowly with temperature for the high carrier concentrations by mBJ. The p-type AuAlO 2 can achieve the highest ZT value of 0.964 for n = 1 9 10 18 at 450 K by mBJ and it is 0.955 for n = 1 9 10 18 at 100 K by PBE-GGA. The obtained results by PBE-GGA (Fig. 8c, d) show that with increasing carrier concentrations, the maximum peak of ZT shifts toward higher temperature. In comparison with p-type mBJ results, it is seen that in the low temperatures, p-type PBE-GGA results display lower ZT values.
In the case of nano-layer, for low electron concentrations (n B 1 9 10 21 cm -3 ), ZT coefficient increases slowly with temperature for the p-type doping. For high electron concentration n = 1 9 10 22 cm -3 ), we can observe the opposite behavior for the n-type doping. In n = 1910 22 
cm
-3 , the p-and n-types AuAlO 2 can achieve the highest ZT values of 0.067 and 0.100 at 800 and 50 K, respectively. Figure 9 shows the temperature-dependent ZT of all electron concentrations for AgAlO 2 compound. In the case of p-type AgAlO 2 as a bulk material, it is obvious that ZT is approximately constant at high temperature range of 350-800 K for low carrier concentrations (n B 1 9 10 20 cm -3 ) by mBJ. The highest ZT value of 0.984 is obtained for p-type with n = 1 9 10 18 at temperature range of 350-800 K, and it is 0.945 for n-type at 800 K by mBJ. The same results with mBJ are obtained by PBE-GGA, and the highest ZT values of 0.981 and 0.923 are achieved for p-and n-types, respectively. In the case of nano-layer, the obtained results show that n-type AgAlO 2 has the highest ZT values of 1.234 with n = 1 9 10 22 due to the highest Seebeck coefficient in this case.
Finally, the calculated dimensionless ZT for CuAlO 2 compound is plotted in Fig. 10 . In the case of bulk, the trend of ZT with temperature and carrier concentrations is Temperature and doping dependences of figure of merit (ZT) of AgAlO 2 compound by a mBJ as bulk and n-type, b mBJ as bulk and p-type, c PBE-GGA as bulk and n-type, d PBE-GGA as bulk and p-type, e PBE-GGA as nano-layer and n-type and f PBE-GGA as nano-layer and p-type the same for that of other compounds. The maximum calculated ZT is about 0.965 at temperature range of 50-800 K with n = 1 9 10 18 for p-type and 0.944 at 800 K with n = 1 9 10 18 for n-type by mBJ. In the case of nano-layer, for low carrier concentrations (n B 1 9 10 21 cm -3 ), the ZT increases with increasing temperature and it has the minimum value for high carrier concentration of n = 1 9 10 22 cm -3 at temperature range of 50-800 K.
Conclusion
In this work, we investigated the structural, electronic and TE properties of (1 9 10 22 ) and 1 9 10 18 (1 9 10 18 ). Our results show that we can obtain high TE performances for the bulk and nanolayer of TAlO 2 (T = Cu, Ag and Au) compounds by controlling the temperature and carrier concentrations. Fig. 10 Temperature and doping dependences of figure of merit (ZT) of CuAlO 2 compound by a mBJ as bulk and n-type, b mBJ as bulk and p-type, c PBE-GGA as bulk and n-type, d PBE-GGA as bulk and p-type, e PBE-GGA as nano-layer and n-type and f PBE-GGA as nano-layer and p-type
